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Numerical study of heat transfer due to turbulent flow of nanofluids through rib–groove
channel have been investigated. The continuity, momentum and energy equations are
solved by the finite volume method (FVM). Four different rib–groove shapes have been
examined. Four different types of nanoparticles, Al2O3, CuO, SiO2, and ZnO with different
volumes fractions in the range of 1–4% and different nanoparticle diameter in the range of
25–70 nm, have been also studied. The computations are performed under constant
temperature over a range of Reynolds number (Re) 10,000–40,000. Results indicate that
the Trapezoidal with increasing height in the flow direction rib–trapezoidal groove has
the best heat transfer rate and high Nusselt number. It is also found that the SiO2 – na-
nofluid has the highest value of Nusselt number in comparison with the other type of
nanofluids. The Nusselt number increases as the volume fraction increases and it de-
creases as the nanoparticle diameter increases. The present study shows that these Tra-
pezoidal rib–groove using nanofluids have the potential to dramatically increase heat
transfer characteristics and thus can be good candidates for the development of efficient
heat exchanger device.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
There are many researchers who studied the forced convection heat transfer in a rib–groove channel. Recently, re-
searchers have shown an increase in forced convection heat transfer. Attempts have been made to enhance heat transfer in
the heat exchangers by using roughened surfaces such as rib, groove and helical rib in disturbing the flow and in providing
transverse/longitudinal vortices or three dimensional mixing. There are many geometric shapes of the rib–groove channel
which have been studied in the past. The common geometric shapes include rectangular, triangular, square, and circle. All
these types of rib–groove channels were used in many engineering applications such as cross-flow heat exchanger, gas
turbine airfoil cooling design, solar air heater blade cooling system, and gas cooled nuclear reactor.
One of the ways to enhance heat transfer in the separated regions is to employ nanofluids. Nanofluids are fluids that
contain suspended nanoparticles such as metals and oxides. These nano-scale particles keep suspended in the base fluid.er Ltd. This is an open access article under the CC BY-NC-ND license
.
Institute, University Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia.
. Al-Shamani), ksopian@eng.ukm.my (K. Sopian), Hussein.dash@yahoo.com (H.A. Mohammed).
Nomenclature
A Convection heat transfer area of rectangular
channel, (m2)
Al2O3 Aluminum Oxide
CuO Copper Oxide
Cp Specific heat at constant pressure, (J/Kg K)
Dh Hydraulic diameter, m; [¼4WH/2(WþH)]
dp Diameter of nanofluid particles, (nm)
d Depth of grooved surface, (m)
e Rib height, (m)
H Channel Height, (m)
h Convective heat transfer coefficient, (W/m2 K)
H2O Water
k Thermal conductivity of the fluid, (W/m K)
L Length of channel, (m)
Nu Nusselt number
q Heat flux, (W/m2)
Re Reynolds number
SiO2 Silicon dioxide
u Velocity component at x-direction, (m/s)
v Velocity component at y-direction, (m/s)
w Width of rib–groove, (m)
W Width of the channel, (m)
x Distance along the x-coordinate, (m)
X Distance along the non-dimensional x-co-
ordinate, (x/W)
Y Distance along the non-dimensional y-co-
ordinate, (y/W)
ZnO Zinc oxide
Greek Symbols
β Modeling function
μ Dynamic viscosity of the fluid, (Pa s)
ν Kinematic viscosity of the fluid, (m2/s)
ρ Density of the fluid, (kg/m2)
φ Volume fraction, (%)
η Thermal enhancement factor
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thermal properties, such as higher thermal conductivity and convective heat transfer coefficients compared to the base fluid.
Kamali and Binesh [1] studied turbulent heat transfer and friction characteristics in a square duct with various-shaped
ribs mounted on one wall. The simulations were performed for four rib shapes, i.e., square, triangular, Trapezoidal with
decreasing height in the flow direction, and Trapezoidal with increasing height in the flow direction. The results shown the
inter-rib distribution of the heat transfer coefficient were strongly affected by the rib shape and Trapezoidal ribs with
decreasing height in the flow direction provide higher heat transfer enhancement and pressure drop than other shapes.
Bilen et al. [2] presented an experimental study of surface heat transfer and friction characteristics of a fully developed
turbulent air flow in different grooved tubes. Tests were performed for Reynolds number range 10,000–38,000 and for
different geometric groove shapes (circular, Trapezoidal and rectangular). Among the grooved tubes, heat transfer en-
hancement was obtained up to 63% for circular groove, 58% for Trapezoidal groove and 47% for rectangular groove, in
comparison with the smooth tube at the highest Reynolds number (Re¼38,000).
Pingan et al. [3] employed standard k − ε turbulence model and enhanced wall treatment to investigate the flow-field,
heat transfer and resistance coefficient in two-dimensional channels with different ribs (rectangular/trapezoidal/triangular/
semi circular cross section). Eiamsa-ard and Promvonge [4] performed the combined effects of rib–grooved turbulators on
the turbulent forced convection heat transfer and friction characteristics in a rectangular duct under a uniform heat flux
boundary condition (UHF). Promvonge and Thianpong assessed turbulent forced convection heat transfer and friction loss
behaviors for air flow through a constant heat flux channel (CHF) fitted with different shaped ribs. The rib cross-sections
used were triangular (isosceles), wedge (right-triangular) and rectangular shapes.
Jaurker et al. [5] presented the heat transfer and friction characteristics of rib-grooved artificial roughness on one broad
heated wall of a large aspect ratio duct shows that Nusselt number can be further enhanced beyond that of ribbed duct
while keeping the friction factor enhancement low. Manca et al. [6] presented a numerical investigation on air forced
convection in a rectangular channel with constant heat flux applied on the bottom and upper external walls. Thinapong
et al. [7] presented an experimental investigation on turbulent heat transfer and friction loss behaviors of airflow through a
constant heat flux (CHF) channel fitted with different heights of triangular ribs.
Several investigations have been reported in the literature on the convective heat transfer in nanofluids; see, for example,
Nguyen et al. [8] investigated experimentally the behavior and heat transfer enhancement of Al O2 3/water nanofluid flowing inside
a closed system that is used for cooling of micro-electronic components. For a 6.8 vol% concentration, the heat transfer coefficient
was found to increase as much as 40% compared to that of the base fluid. Liu et al. [9] investigated the thermal conductivity of
copper–water nanofluids produced by chemical reduction method. Results showed 23.8% improvement at 0.1% volume fraction of
copper particles. Higher thermal conductivity and larger surface area of copper nanoparticles were attributed to this improvement.
It was also noted that thermal conductivity increases with particles volume fraction but it decreases with the elapsed time. Mo-
hammed et al. [10] investigated thermal and hydraulic characteristics of turbulent nanofluids flow in a rib–groove channel. The
results indicated that the rectangular rib–triangular groove has the highest Nusselt number among other rib–groove shapes. The
SiO2 nanofluid has the highest Nusselt number compared with other nanofluid types. It was found that the Glycerin–SiO2 shows
the best heat transfer enhancement compared with other tested base fluids. Abed et al. [11] presented a numerical study of the heat
transfer and flow characteristics in corrugated with V-shape lower plate using nanofluids. The computations are performed uniform
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using nanofluids and thus serve as promising candidates for incorporation into efficient heat transfer devices. Recently, nanofluids
have been utilized in different industries and motivated the researchers in different fields of study by analytical and numerical
methods [12–18]. However to the best of my knowledge, the nanofluid flow through the horizontal channel having different rib–
groove shapes using nanofluids, particularly in the case of turbulent forced convective flow, has been not investigated in the past.
The present study examines 2D turbulent forced convective flow in a horizontal channel having different rib–groove
shapes by using different types of nanofluids, different nanoparticle volume fractions, and different nanoparticle diameters,
are dispersed in base fluids (water) over Reynolds number in the range of (10,000–40,000). Results of interests Nusselt
number evaluation criterion for turbulent forced convective in a horizontal channel are reported to illustrate the effects of
rib–groove shape and nanofluids on these parameters.2. Numerical model
2.1. Physical model
Schematic diagrams of rib–groove channel for geometrical model and four cases (five rib–five groove) are shown in Fig. 1
(A) geometrical model, (B) Trapezoidal with increasing height in the flow direction Rib–Isosceles Trapezoidal Groove.
(C) Isosceles Trapezoidal Rib–Trapezoidal with increasing height in the flow direction groove. (D) Trapezoidal with in-
creasing height in the flow direction rib–groove. (E) Trapezoidal with decreasing height in the flow direction Rib–Isosceles
Trapezoidal groove. The general case is Isosceles Trapezoidal Rib–Groove, Trapezoidal with increasing height in the flowA
B C
D E
Fig. 1. Schematic diagram of rib–groove Channel.
A.N. Al-Shamani et al. / Case Studies in Thermal Engineering 5 (2015) 48–58 51direction rib–groove and Trapezoidal with decreasing height in the flow direction rib–groove. Both the height and length of
the rib–groove channel are fixed and the shapes of rib and groove were changed. The following range of height and width
are going to be studied:1. Channel height (H): 60 mm.
2. Channel width (W): 20 mm.
3. Rib and groove height (e): 10 mm.
4. Rib and groove width (w): 20 mm.To ensure a fully-developed flow, the length of each adiabatic wall section before and after the test section is set to be
200 and 90 mm, respectively.
As shown in Fig. 1 the left side is velocity inlet and the right side is pressure outlet, the down wall is uniform heat flux
q¼10,000 w/m2, and the up wall is symmetry.
2.2. Governing equations
In this study, the single-phase model has been used to solve the respective category problems. It is important to set the
governing equations (continuity, momentum, and energy) to complete the CDF analysis of the rib–groove channel. The
phenomenon under consideration is governed by the steady two-dimensional from of the continuity, the time-averaged
incompressible Navier–Stokes equations and energy equation. The methodology used to solve these governing equations
will be described in the following section.
2.3. Standard k–e model
In the Cartesian tensor system these equations can be written as [19]:
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The turbulent viscosity term tμ is to be computed from an appropriate turbulence model. The expression for the tur-
bulent viscosity is given as
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The Reynolds number, the Nusselt number, and the friction factor are expressed by the following relations [1]:
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where: Tw and Tb represent the wall temperature and bulk temperature, respectively.
To attain accurate prediction in the rib–groove channel, the standard k − ε turbulence model, the Renormalized Group
(RNG) k − ε turbulence model were selected. To evaluate the pressure field, the pressure–velocity coupling algorithm
SIMPLE was selected.
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The boundary conditions for this study are specified for the computational domain as shown in Fig. 1b–e. These figures
show the general rib–groove channel model selected from this study, whose top wall symmetry and bottom wall is subject
to heat flux while the left side is velocity inlet and the right side is pressure outlet. The turbulence model is very important
to accommodate the flow behavior of each application. At the inlet, uniform velocity profile has been imposed. The tur-
bulence intensity was kept at 1% at the inlet. The solutions are considered to be converged when the normalized residual
values reach 105 for all variables.
2.5. Grid independence test
The grid generation plays a vital role in any analysis. A proper mesh provides us with approximate solutions to the partial
differential equations. The mesh can be coarse or fine depending on the operating condition specifically the Reynolds
number.
In this section, grid independence test is carried out to obtain the most suitable mesh faces size for particular geometry.
In this study, five mesh faces are considered, which are 100111, 113229, 129870, 173827, and 205091 at Re¼20,000. All five
mesh faces are used to plot the surface Nusselt number of bottom wall of rib–groove channel on the same XY plot. The
discretization grid is structured and uniform.
As shown clearly in Fig. 2, that all the five mesh faces have been similar results of Nusselt number. However, any one of
the five faces can be used. In this case, mesh faces (100111) has been used as it is the best in the terms of both the accuracy
and computational time. In fact, grid size with more nodes would provide better accuracy in the terms of the results but
with increasing density of the cells would make the computational time longer.
2.6. Code validation
Code validation is very important step in any numerical work in order to ensure that they are validated numerical code
with other previous work, and it is ready for runs. It is not only important to get a high accuracy of any numerical code, but
also to get a better understanding of the capabilities and limitations. Eiamsa-ard and Promvonge [20] was selected to be sure
of code validation. The comparison of the present results for smooth channel and rib–groove channel of Nusselt number are
validation as shown in Figs. 3 and 4 with Eiamsa-ard and Promvonge [20].3. Thermophysical properties of nanofluids
In order to carry out simulations for nanofluids, the thermal properties of nanofluids must be calculated first. The na-
noparticles being used are Al O , CuO, SiO , ZnO2 3 2 . The effective properties of mass density, specific heat, thermal con-
ductivity, and viscosity are actually calculated according to the mixing theory.
The density of nanofluid, ρnf can be obtained from the following equation [21]:
(1 ) (7)nf f npρ ϕ ρ ϕρ= − +Fig. 2. Grid Independence Test results.
Fig. 3. The variation between Nusselt number with Reynolds number for smooth channel of the present work with the results of Dittus–Boelter equation
[11].
Fig. 4. The variation between Nusselt number with Reynolds number of the present work with the results of Eiamsa-ard and Promvonge [11].
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( )C C C(1 )( ) ( ) (8)p nf p f p npρ ϕ ρ ϕ ρ= − +
By using Brownian motion of nanoparticles in rib–groove channel, the effective thermal conductivity can be obtained by
using the following mean empirical correlation [22]:
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Values of β for different particles are listed in Table 1.
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The effective viscosity can be obtained by using the following mean empirical correlation [22]:
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where: M is the molecular weight of base fluid, N is the Avogadro number¼6.0221023 mol1, ρf0 is the mass density of
the based fluid calculated at temperature T0¼293 K.4. Results and discussion
4.1. The effect of different rib–groove shapes
In this study, the effect of four different rib–groove shapes (Trapezoidal with increasing height in the flow direction Rib–
Isosceles Trapezoidal Groove, isosceles Trapezoidal Rib–Trapezoidal with increasing height in the flow direction groove,
trapezoidal with increasing height in the flow direction rib–groove, and Trapezoidal with decreasing height in the flow
direction Rib–Isosceles Trapezoidal Groove) on thermal and fluid fields were examined. The variation of average Nusselt
number with Reynolds number is presented in Fig. 5. As shown in Fig. 5 the average Nusselt number rate increase with the
increase of Reynolds number, it can be seen that the all Trapezoidal shapes have highest value of Nusselt number compared
with smooth channel. The Trapezoidal groove (TrapþR-TrapG) channel provided the better heat transfer rate among all
types of Trapezoidal shapes as well as the smooth channel. This is because of a strong mixing of the fluid induced from
turbulent flow, leading to higher temperature gradients.
As shown in Fig. 6 the velocity streamline for four different rib–groove channel, at Re¼40,000. It is clear to show the
recirculation zones (vortex) behind ribs and grooves.
4.2. The effect of different types of nanoparticles
Four different types of nanoparticles Al O , CuO, SiO , and ZnO2 3 2 and pure water as a base fluid are used. The nanoparticle
concentration used in this case is 4% and the nanoparticle diameter is 20 nm. The Nusselt number for different nanofluids
and different values of Reynolds number are shown in Fig. 7. It can be seen that the Nusselt number increases with the
increase of Reynolds number for all cases. It is observed that all four nanofluids possess higher Nusselt number compared to
pure water. This figure show for the different range of Reynolds number, it is clear that nanofluid with SiO2 has the best heat
transfer rate, followed by Al2O3, ZnO, CuO and pure water respectively. This phenomenon can be attributed to the fact of the
high thermal properties of SiO2–water compared with the lower thermal properties of other nanofluids types or with pure
water.Table 1
The values of β for different particles.
Type of particles β Concentration (%) Temperature (K)
Al2O3 8.4407(100ϕ)1.07304 [13] 1%rφr10% 298 KrTr363 K
CuO 9.881(100ϕ)0.9446 [13] 1%rφr6% 298 KrTr363 K
SiO2 1.9526(100ϕ)1.4594 [14] 1%rφr10% 298 KrTr363 K
ZnO 8.4407(100ϕ)1.07304 [13] 1%rφr7% 298 KrTr363 K
Fig. 5. Normalized Nusselt number for channel with different rib–groove shapes at different Reynolds number.
Fig. 6. Velocity streamlines contours at Reynolds number¼40,000.
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The volume fraction of nanoparticles is actually refer to the volume of nanoparticles constituent divided by the volume of
the all constituents of the mixture prior to mixing. In general, these enhancements are due to the high thermal conductivity
of nanoparticles and the role of Brownian motion of nanoparticles on the enhancement of thermal conductivity, which is
due to the larger surface area of nanoparticles for molecular collisions [23]. In fact, pure water has zero volume fractions of
nanoparticles. The volume fraction range of 1–4% with different values of Reynolds number is investigated. It is clear shown
in Fig. 8, increasing nanoparticles volume fraction enhances the Nusselt number. By increasing the volume fraction of
nanofluid the thermal conductivity of the fluid increases which enhanced the heat transfer. It is clear that the volume
friction, 0.04φ = , has the best heat transfer rate followed by 0.03, 0.02, 0.01, 0.00 respectively.
Fig. 7. Normalized Nusselt number for channel with different nanofluids types at different Reynolds number.
Fig. 8. Normalized Nusselt number for channel with different volume fraction, φ of nanoparticles at different Reynolds number.
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In this study used SiO2–water as a working fluid with fixed other parameters such as volume fraction 4% except Reynolds
number was in the range of 1000–40,000. The range of nanoparticles diameter is 25–70 nm. As shown in Fig. 9, the results
of Nusselt number increase with decreasing the nanoparticles diameter. This can be attributed to an increment of the
thermal conductivity due to nanoparticles diameter decreases. This finding is due to the effects of Brownian motion at small
nanoparticle diameters, resulting in high thermal conductivity of nanofluids [23]. Therefore, for SiO2–water nanofluid, the
decreasing nanoparticle size increases the effect of aggregation, nanolayer formations, Brownian motion, and energy
transfer. It is concluded that by using smaller diameter of nanoparticles will lead to get better heat transfer enhancement. In
all cases, it can be observed that Nusselt number increases with increasing Reynolds number for all nanoparticles diameter,
dp leading to better heat transfer.
Fig. 9. Normalized Nusselt number for channel with different nanoparticles diameters, dp at different Reynolds number.
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This study was done at Reynolds number in the range of 10,000–40,000. From Fig. 10, it can be observed that as the Re
increases the average Nusselt number also increases. As shown in Fig. 10 as the Reynolds number increases the convective
current becomes more and more strong and the maximum value of isotherms reduces. The variation of heat transfer Nusselt
number with x-position at different Reynolds number is presented in Fig. 10. The Reynolds number Re¼40000 provided the
mean heat transfer enhancement over other Reynolds number. This is because of a strong mixing of the fluid induced form
turbulent flow and appearance of reverse flow between the adjacent rib–groove elements.5. Conclusion
Numerical simulation of turbulent forced convection heat transfer through rib–groove channel having different shapes
with different type of nanofluids (Al2O3, CuO, SiO2, and ZnO with water), volume fraction of nanoparticles in the rangeFig. 10. Normalized Nusselt number with x-position for different Reynolds number.
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10, 000 R 40, 000e≤ ≤ has been carried out. According to the obtained results, the conclusions can be drawn as follows,1. By changing the rib–groove shapes on thermal and fluid fields, the results show that Trapezoidal with increasing height
in the flow direction Rib-Isosceles Trapezoidal Groove (TrapþR-TrapG) gives the highest Nusselt number in comparison
with other types of Trapezoidal channel.2. By changing the types of nanoparticles, (Al2O3, CuO, SiO2, and ZnO), the results show that SiO2 gives the highest Nusselt
number followed by Al2O3, ZnO, and CuO respectively while pure water gives the lowest value of Nusselt number.3. The Nusselt number increased with increasing the volume fraction of nanoparticles.
4. The Nusselt number increases gradually when decreasing the nanoparticles diameter.
5. The Nusselt number increased gradually by increasing the Reynolds number, Re in the range of 10,000–40,000.
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